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2.0 THEORY OF LFG EM SSI ONS
LFG emi ssions are primarily governed by the foll ow ng
vari abl es:

gas-generati on nmechani sns,

factors influencing gas generation,
gas-transport nechani sns, and
factors influencing gas transport.

The foll ow ng sections discuss these issues.

2.1 GAS- GENERATI ON MECHANI SVS
LFG is produced fromone or nore of three nechani sns:

° evapori zation/volatilization,
° bi ol ogi cal deconposition, and
° chem cal reactions.

Physi cal, chem cal, and biol ogi cal processes transformsolid

waste after it is deposited in a landfill. The waste is first
conpressed by landfill equi pnent, and subsequently conpacted by
nmore waste and daily cover materials. 1In addition to the initial
conpression and conpaction, the landfill undergoes settlenent for

many years. This settlenment occurs as the waste further
consol i dates and bi ol ogi cal deconposition reduces the waste
volunme. The landfill's final waste thickness may be reduced by
as nmuch as 30 percent due to settlenent.

Water infiltration through the cover material, percolation
of water contained within the original waste, and water produced
as a product of waste deconposition, all forma nmediumin which
sol ubl e substances di ssol ve and generate | eachate. Chem cal and
bi ochem cal reactions within the landfill mainly involve the
products of the deconposi ng waste, hydrogen, organic acids, CH,,
and C0,.
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2.1.1 Evaporation/Volatilization
Vapori zation action is due to the change of chem cal phase

equilibriumthat exists wwthin the landfill. Sonme gas-generating
materials will be present in the waste nmass as it is received and
deposited in the landfill. Organic conpounds in the |andfil

cells will vaporize until the equilibriumvapor concentration is
reached. This process is accel erated when the waste becones
biologically active, as a result of heat, which is evolved within
the landfill as part of the biological process. The rate at which
conponents are evol ved depends on physical and chem cal
properties of the conpounds. The nost significant of these
paraneters are the Henry's Law Constant, which describes the

equi libriumpartitioning between the vapor and aqueous phases at
a given pressure and tenperature.

Henry's Law Constant. Henry's Law determ nes the extent of
vol atilization of a contanm nant dissolved in water.

Henry's Law states: The weight of any gas that wll dissolve
in a given volunme of liquid, at constant tenperature, is directly
proportional to the pressure that the gas exerts above the
i quid.

Henry's Law is presented in the follow ng fornul a:

Pa = H*Xa (2-1)
wher e,

P, = partial pressure of conpound A in the gas phase.

X, = nmole fraction of conpound A in liquid phase in

equilibriumw th the gas phase

Hy, = Henry’s constant.

Henry's constant quantifies the tendency for a liquid
conmpound in solution (i.e., in groundwater or soil noisture) to
partition to the vapor phase. This constant is tenperature-
dependent, increasing with an increase in tenperature. In
general, liquid conpounds with Henry's constants greater than

10-® atm n?¥/ nol are considered to have hi gh vapor-phase
partitions. Wen using Henry's constant for various conpounds,
care nust be taken to use a consistent systemof units. The table
bel ow summari zes the various fornms of Henry's constant and
appropriate units:
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Units and Conversion Factors for Henry's Constant

P X Henry's Constant
Concentration Concentration
in Gas Phase in Liquid Phase Symbol Units
atm mol fraction H, atm
atm mol/m3 H atm-m’/gmol
g/m? g/m’ H,, dimensionless
mol fraction mol fraction H dimensionless

Conversion factors for Henry's Constants

1. H = (VP * MW)/S
where,
H = Henry's Constant, atm-m’/gmol
VP = vapor pressure of pure substance, atm

MW = Molecular weight, g/gmol
S = Solubility of gas, g/m,
2. H. = H * C,
where,
H, Henry's Constant, atm
Co Molar Density of Water, 55.6x103gmol/m3
or 55.6 kmol/m,
or 55.6 gmol/L
3. H, =  H./(C,*R*T)
where,
H, = Henry's Constant, dimensionless
R = Universal Gas Constant, 8.2x107atm-m’/gmol-T
T degrees Kelvin

Esti mated Henry*s constants for some organics at 20°C (68°F) are
shown in Table A-1.

2.1.2 Biological Deconposition

Sanitary landfills produce |arge quantities of gas, with
the maj or conponent being CH,. LFG generation occurs as a
result of two conditions, aerobic and anaerobi c deconposition.
Cenerally, aerobic conditions degrade the | arger nolecules into
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H He Hy
Compounds atm.m®/gmol atm Dimensionless

Vinyl chloride 6.4 3.56 x 10° 266
Dichlorofluoromethane 2.1 1.17 x 10° 87.6
Methane 0.63 3.50 x 10* 26.2
1,1-Dichloroethylene 1.7 x 10” 9.45 x 10° 7.07
1,2-Dichloroethylene 1.7 x 107 9.45 x 10° 7.07
Chloroethane 1.5x 102 8.34 x 107 0.62
Trichloroethylene 1.0 x 10* 5.56 x 10° 0.42
1,1,1-Trichloroethane 3.6 x 10* 2.00 x 102 0.15
Chloroform 3.4x10° 1.89 x 107 0.14
Methyiene chloride 25x 10° 1.39 x 107 0.10
1,1,2-Trichloroethane 7.8x10* 4.34. x 10 0.032
Naphthalene 3.6x10* 2.00 x 10 0.014
Phenol 2.7 x 10° 1.50 x 10' 0.0011

Source: Adapted from Reference 4
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smal l er and smal | er nol ecul es | eadi ng to anaerobi ¢ degradati on of
organi ¢ acids which generates CH,and C0,. It is inportant to
under st and

that there will be m xed aerobic and anaerobi ¢ degradati on
occurring at the sane tinme. The facultative, degrading m crobes
(capabl e of growing and surviving with or without 0,) performthe
necessary dual functions of degrading |arger nolecul es and
consumng O, to create and sustain the anaerobi c environnent

whi ch favors CH, producti on.

These processes normally occur in three stages: aerobic,
anaer obi ¢/t hernophilic, and anaerobi c/ net hanogenic. The bacteria
i nvol ved in biological deconposition exist in the refuse and soi
used in landfill operations. Seeding the refuse with bacteria
from anot her source can result in a faster rate of devel opnent of
t he bacterial population.

The gas release rate into the waste void space is
principally affected by the pH and the rate of water production
in each of the nodes of bioprocessing. Since water is a norma
product of the first stage (aerobic), nore water nay be present
in the matrix than would normally be expected based on the water
content of the wastes. This water will conpete for space with
the air during conpaction and will dissolve sone of the
bi oreaction gases. The first two stages reduce the pH of the
wat er and may affect the evaporation/volatilization rate
accordingly.

2.1.3 Aerobic Deconposition

Aer obi ¢ deconposition begins shortly after the waste is
placed in the landfill and continues until all of the entrained
O, is depleted fromthe voids and fromw thin the organic waste.
Deconposi tion products under aerobic conditions are C0,
(primarily), water, and nitrate. Aerobic bacteria produce a gas
characterized by high tenperatures (54 to 71 °C or 130 to 160°F),
hi gh C0, content (30 percent), and |ow CH, content (2 to 5
percent).

Aer obi ¢ deconposition may last for as little as 6 nonths to
as long as 18 nonths for waste in the bottomlifts of the
landfill. However, in the upper lifts of the landfill, aerobic
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deconposition may last for as little as 3 to 6 nonths if CH,-
rich gas fromlower lifts flushes 0, fromthe voids in the upper
lifts. Aerobic deconposition produces the conditions and
byproducts necessary for anaerobic deconposition. Limted

aer obi ¢ deconposition frominfiltration of 0,, as air or

di ssolved in water, into the landfill may continue for years.
Thi s continuing okidative degradation by aerobic and facultative
organi sns can continue to drive the subsequent anaerobic
processes. Aerobic degradation generally degrades many of the

| arger polyners in the wastes, such as starches, cell ul ose,
[ignins, proteins, and fats into smaller, nore avail able

ol i goners (polynmer consisting of 2 to 4 nononers) which can then
be further degraded into dinmers (nolecule consisting of two

i dentical sinpler nolecules) and nononers such as sugars,
peptides, am no acids, long-chain fatty acids, glycerol and
eventual |y organic acids, as discussed below. These | ess conpl ex
products of aerobic degradation are nore readily degraded
anaerobically than the | arger pol yners.

2.1.3.1 Anaerobic Deconposition

Anaer obi ¢ deconposition occurs in two distinct processes.
When all of the entrained O- is depleted fromthe waste, the
wast e deconposition changes from aerobic to anaerobic, and two
new groups of bacteria enmerge which thrive in anaerobic (no Q)
environnents. Facultative m crobes convert the sinple nononers
into m xed acid products along with hydrogen and CO,. Anaerobic
bacteria convert the m xed volatile organic acids (e.g., formc,
acetic, propionic and butyric acids), aldehydes and ketones into
primarily acetic acid and hydrogen, using water in place of O.
These organi c acids reduce the pH, which increases the
sol ubilization of sone organic and inorgani c wastes, thereby
i ncreasing the concentration of dissolved solids in the |eachate.
CH, production can be limted during this stage since the | ow pH
(5 to 6) is sonewhat toxic to the nethanogenic (nethane-
produci ng) bacteria. During the second anaerobic process, the
met hanogeni ¢ bacteria become nore prom nent. These net hanogens
degrade the volatile acids, primarily acetic acid and use the
hydrogen to generate CH, and C0, (typically in a 1:1 ratio). This
degradation results in a nore neutral pH (7 to 8), a decrease in
the COD, and a decrease in the conductivity, as the organic acids
are consuned.
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The resul ti ng anaerobi c deconposition is characterized by
| ower tenperatures (38 to 54°C or 100 to 130°F), |ower QO,
concentrations (40 to 48 percent), and significantly higher CH,
concentrations (45 to 57 percent) than the generally aerobic
phase of deconposition. Anaerobic deconposition will continue
until all of the volatile organic acids are depleted or until G
is reintroduced into the waste, stinmulating a resunption of
aer obi ¢ deconposition of the remaining |large polyneric materials
and a new degradation cycle. Reverting to aerobic conditions
tenporarily retards CH, gas generati on.

Figure A-2 illustrates the evolution of LFG by bi ol ogi cal
processes.

2.1.4 Chem cal Reactions

Chem cal reactions between materials in the waste can
rel ease gases. Such reactions are likely to occur in hazardous
waste landfills unless considerable care is taken not to m x
inconpatible materials. dder landfills which have received
hazardous wastes in the past and municipal landfills which
recei ve household waste are still subject to unforeseen
reactions. For exanple, aliphatic chlorinated solvents are
i nconpatible with alum num so sol vent-soaked rags which contact
al um num cans may produce hydrogen chloride gas. This wll at
| east render the surrounding gas highly acidic, and nay rel ease
sone vapor through the landfill to the atnosphere.

Many of the potential reaction problens are relatively
buffered by the presence of water. Even sone naterials which are
vapors in their pure state (e.g., vinyl chloride) are relatively
soluble in water, so the release rate is danpened. However
unpredi ctabl e reactions are possible with so many conpounds
potentially present. As nentioned above, the heat generated from
bi ol ogi cal processes also tends to accelerate the rel ease rate of
conpounds produced by chem cal reactions.
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2.2 FACTORS AFFECTI NG LFG GENERATI ON
Gas generation in a landfill is affected by several factors:
o avai lability of nutrients,
° t emper at ure,
° noi st ur e,
() pH,
° at nospheric conditions,
° age of waste, and
° variation of water table.

These paraneters are di scussed bel ow.

2.2.1 Availability of Nutrients

Bacteria in a landfill require various nutrients for grow h;
primary carbon, hydrogen, O, nitrogen, and phosphorous
(macronutrients), but also require small anmounts of other
el ements such as sodium potassium sulfur, calciumand nagnesi um
(mcronutrients). The availability of macronutrients in the
landfill mass has an effect on both the volune of water generated
fromm crobial processes and the conposition of the generated
gases. Landfills which accept nunicipal wastes and use daily
soil cover wll, in general, have an adequate nutrient supply for
nmost m crobial processes to proceed. Specialized landfills such
as those in mlitary installations which handl e hazardous
materials or munitions wastes only, and which do not use daily
soil cover, may not have sufficient nutrients in the waste to
sustain a mcrobial population. Once the mcrobial processes are
established, nutrients are regenerated from sl oughi ng processes
as bacteria die. The primary sources of macronutrients are green
wast es, food wastes and soil cover, but wll always be limting
i f not supplenmented from an outside source. Sone |oss of
nutrients can occur as LFG conponents. The supply of
mcronutrients (primarily nmetals) is |less certain, but evidence
from hundreds of landfills suggests that nunicipal landfills also
contai n adequate supplies. The sources of these mcronutrients
are usually the trace elenents found in alnost all soils and many
wastes. The mcronutrient requirements are very small and can
usual ly be net by these trace anounts in the wastes and | eached
fromthe soil cover.
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If the nutrient supply is rich, the population of active
m cr obes may beconme so high that they crowd the avail abl e pore
spaces and restrict both water flow and LFG fl ow tenporarily. In
general, the situation will correct itself because the limted
transport will cause sone of the bacteria to die of starvation.
Nutrient availability can be inproved by the addition of sewage
sl udge, manure or agricultural wastes.

2.2.2 Tenperature

Tenperature conditions within a landfill influence the type
of bacteria that are predom nant and the | evel of gas production.
The tenperature of the landfill may vary dramatically from one

section to another, as the tenperature of the material is
affected by several factors. The primary factors of tenperature
vari ations are depth, conpacted density, tenperature of the
surroundi ng area, mcrobial or other chem cal activity, water
content and climate. Warmlandfill tenperatures favor CH,
production; a dramatic drop in activity has been noted at

t enperatures bel ow 10°C (50°F). The optimum tenperature range
for aerobic deconpositionis 54 to 71°C (130 to 160°F), while the
opti mum tenperature range for anaerobic bacteria is 30 to 41°C
(85 to I05°F). Landfill tenperatures are reported to be
typically in the range of 29.5 to 60°C (85 to 140°) as result of
aer obi ¢ deconposition, but may be expected to drop to the 19 to
21°C (65 to 75°F) range as result of anaerobic activity. The
tenperature needs to be neasured in several |ocations and an
estimate nmade of the tenperature likely to occur in the gas
generation zone of interest for design purposes.

2.2.3 Misture

Moi sture content is considered the nost inportant paraneter
regardi ng refuse deconposition and gas production. A high
noi sture content of the waste (between 50 percent and 60 percent)
by wei ght favors naxi mum CH, generation®. This is contrary to
standard landfill applications, where the waste is maintained as
dry as possible in order to mnimze | eachate production. The
noi sture content of MSWas received typically ranges froma | ow
of 15 to 20 percent to a high of 30 to 40 percent with an average
of 25 percent on a wet weight basis. The noisture content can
vary greatly in different zones of the landfill. Very |ow
noi sture content, such as the case of solid waste in arid
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regi ons, may prevent deconposition of waste and thus |imt gas
production. Leachate recirculation (if allowed) would permt
control of the noisture inside the landfill. Typically, when a
wast e achi eves a 50 percent noisture (on a wet basis) it has
reached the field capacity, and will tend to | each continuously
downward thereafter for additional noisture added. In-situ

noi sture content as high as 70 percent is possible. At this

| evel, a decrease in the efficiency of a gas collection system
can be expected.

2.2.4 pH

The solid material placed in a landfill can vary wdely in
pH, but usually the average value for municipal waste wll be
between 5 to 9 standard units. The pH of hazardous wastes can
vary wi dely, and known acids or bases are usually neutralized
prior to landfilling. The pHin an active landfill becones
governed primarily by the biological processes described in
Section 2. 1.

The pH during CH,formation is in the range of 6.5 to 8.0,
but the optimmpH of CH,fernentation is in the neutral to
slightly alkaline range (7.0 to 7.2)(". Most landfills have an
acidic environnent initially, but when the aerobic and acidic
anaer obi ¢ stages have been conpl eted, the nethanogeni c processes
return the pH to approximately neutral (7 to 8) due to the
buffering capacity of the systempH and alkalinity.

One concern during the acidic stages of the biol ogical
process is that the reduced pHw Il nobilize nmetals which may

| each out of the landfill, or becone toxic to the bacteria
generating the gas. This is of particular concern where it is
known that heavy netals are being placed in the landfill in |arge

quantities. Enhancenent of gas production can be achi eved by
carefully screening the types and anobunts of wastes admtted to
the landfill; i.e., exclusion of toxic or inhibitory materials,
and size reduction of refuse materials. In sone cases, the
addi tion of sewage sludge, manure or agricultural wastes during
refuse placenent would i nprove CH, gas generati on.
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Mlitary landfills are not generally producing a great
quantity of CH, gas. Therefore, enhancenent of CH, gas production
is usually not practiced; the gas collection systemis designed
primarily to prevent the rel ease of gases to conply with the
state regul ati ons.

2.2.5 Atnospheric Conditions
The at nosphere affects the conditions in the landfill in
three ways: tenperature, baronetric pressure and precipitation.

In a landfill where soils are used for cover layer, the air
tenperature not only affects the surface | ayer of the waste but
may have an inpact into the deeper |ayers, because the air
pernmeability will generally be higher in the landfill. Cold
climates will reduce biological activity in the surface |ayers,
reduci ng the volunme of gas generated. Deeper in the wastes, the
surface tenperature effects are often overcone by the heat
generated by bacterial activities.

The at nospheric pressure influence is also stronger than
woul d occur in soil systens, where the normal surface air
interaction with the soil extends about 6 inches. Until the
waste is consolidated to a typical soil density, the baronetric
pressure can affect the wastes near the surface by drawing air in
or venting gas out of the top layer. Wnd will also affect the
diffusion rate deeper in the landfill by reducing the surface
concentration of gas conponents and creating advection near the
surface.

Precipitation dramatically affects the gas generation
process by supplying water to the process and by carrying
dissolved O, into the waste with the water. As the water
percol ates through the waste, it also extracts materials such as
organics or netals as described above. Hi gh rates of
precipitation may al so flood sections of the landfill, which wll
obstruct gas flow
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In a landfill where geonenbrane is used for final cover, the
geonenbrane will isolate the waste and m nim ze many of the

at nospheric effects descri bed above.

2.2.6 Age of Waste

The three stages of biological degradation discussed in
Chapter 2 have a primary influence on the gas generation rate.
During the aerobic phase, the waste is close to the surface and
the generated gas is difficult to capture. Aerobic netabolismis
oxi dative and generally nore conplete and rapid than anaerobic
processes, so the initial rate of C0, production is relatively
high. As the waste becones depleted in O and the acidic
processes dom nate, the LFG production rate decreases. \Wen the
aci ds have been consuned and the net hanogens becone dom nant, the
LFG production rate rises again through a peak and then
stabilizes. The ideal tine to start collecting LFGis at the
begi nning of site closure. This usually represents the maxi num
gas generation point, and gas quantities should remain
significant for as long as a 10 years. After the landfill
cl oses, the gas generation rate decreases as the organic
substrate is consuned and not replaced. It may take as |ong as
50 years, however, for gas production to cease.

2.2.7 Variation of Water Table

The | ocal geology which will affect the gas-generation rate
is the depth and seasonal variation of the water table.
Landfills are al nost al ways designed to exist conpletely above
the local water table; if the seasonal high water reaches the
bottomof the fill, the hydraulic pressure will affect the waste,
and LFG production, in several ways:

o The pressure gradient may lift a liner system and
rupture the liner, permtting air and water to
penetrate the waste pack;

° Air nmovenent will be stopped in any saturated zone
whi ch may be created in the waste;

° Bi ol ogi cal activity may stop, change form as oxygenated

wat er is introduced, or be enhanced by the presence of
"fresh" water in the |eachate; or
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o Rupture in the liner may permt |eachate to drain from
the fill as the water table lIowers after reaching its

hi gh poi nt.

2.3 TRANSPORT MECHANI SMS

The nature of the specific transport mechani sm depends on
the type of waste (solid or liquid) exposed to the atnosphere.
For liquids the principal release nechanismw || be governed by
Henry's Law for dilute aqueous solutions. Each conpound present
has a different constant describing the equilibriumpartitioning
bet ween the solution and the vapor phase. Mny of the volatile
organi ¢ conpounds (VOCs) which nmay be present (see Table A-1)
have high Henry's Law constants; they would preferentially
mgrate to the vapor phase and out of the landfill. During the
landfilling process, this mgration is accelerated by the effects
of m xing, because the liquid surface (even in a solid matrix) is
exposed to the anbient air nore frequently.

Several physical nechani sns descri be the behavi or of
vol atil e conmpounds as they nmay be rel eased into the atnosphere
froma landfill. The transport may occur by the three principal
mechani sns:

° mol ecul ar ef fusi on,
° di f fusi on, and
° convecti on.

These transport mechani sns are di scussed bel ow.

2.3.1 Mol ecular Effusion

Mol ecul ar effusion occurs at the surface boundary of the
landfill with the atnosphere. Wen the material has been
conpacted, and not has been covered, effusion is the process by
whi ch diffused gas releases fromthe top of the landfill.

For dry solids, the principal release nmechanismis direct
exposure of the waste vapor phase to the anbi ent atnosphere. Any
vol atile liquid constituents which coat the soil surface would be
rel eased according to Raoult's Law, which predicts the rel ease
rate based on the vapor pressure of the conpounds present.
Essentially the constant in Raoult's Law describes the
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partition coefficient between a pure |iquid conpound and its
vapor phase.

Raoult's Law. The vapor-pressure depression of a
constituent is directly proportional to the concentration of
particles in solution. 1In other words, the partial vapor
pressure of a constituent in a gaseous mxture is equal to the
nmol e fraction of that constituent in the solution tinmes the vapor
pressure of the pure constituent i, which is a function of
tenperature. Raoult's Lawis presented by the foll ow ng
formul a:

I:)v = xi*Po (2'2)
wher e,
P, = partial pressure of a conmpound in gaseous m xture, atm
X, = concentration of conmpound in solution, nole

fraction
P, = vapor pressure of the conpound in pure state, atm

Vapor Pressure. Liquid nolecules that possess sufficient
kinetic energy are projected out of the main body of a liquid at
its free surface and pass into vapor. The pressure exerted by
this vapor is known as the vapor pressure.

The vapor pressure of a given conpound is the single nost
significant factor affecting the performance of an off-gas
collection system The vapor pressure of water at 20°(68°F) is
.34 KN/ n¥(0.399 psi). In general, conpounds which exhibit vapor
pressure greater than 0.5 mmHg (0.27 in. HO are appropriate
for off-gas collection. Conversion units of the pressure are
gi ven bel ow

1 newt on = 0. 2248 pounds
1 pound = 231 cmof water colum (at 4°C
1 mm Hg = 0.5353 inches of water (at 4°C

10° newt on/ n¥ 100 KPa

One physical effect on the release rate fromthe surface is
w nd speed. As discussed in Section 2.3.2, wind serves to keep
t he anbi ent concentration at or near zero, which creates a
concentration gradient for material to mgrate to the surface.
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Wnd is al so the dispersion nechanismto nove the constituents
into the surroundi ng area.

2.3.2 D ffusion

Mol ecul ar diffusion occurs in gas systens when a
concentration difference exists between two different |ocations
within the gas. D ffusive flowof gas is in the direction in
which its concentration decreases. The concentration of a
vol atile constituent in the LFGw Il al nost always be hi gher than
that of the surroundi ng atnosphere, so the constituent will tend
to mgrate to a | ower concentration area (the anmbient air). Wnd
often serves to keep the surface concentration at or near zero,
whi ch renews the concentration gradi ent between the surface and
the landfill on a continuing basis and thus pronotes the
m gration of vapors to the surface. GCeonenbrane caps on
landfills will have a significant effect on diffusion, because
t he geonenbranes isolate the transport nechani sm between the
surroundi ng at nosphere and the landfill.

The rate of diffusion is affected by the vapor density, but
the concentration gradient wwll tend to overcone snall
differences in density. Specific conpounds exhibit different
di ffusion coefficients, which are the rate constants for this
transport.

The published di ffusion coefficients have been cal cul at ed
usi ng open pat hs between one vapor region (concentration) and
another, which is not the case for landfills. The trapped gas
must travel a tortuous path to reach the surface because it nust
travel around all the solids and liquids in its path; thus, the
publ i shed diffusion coefficients for the constituents nust be
used with care in detailed design work. They serve nore as
relative indicators, and are one contributing factor to the
nmoni toring and nodel i ng described in Sections 2.7 and 4.7.

2.3.3 Convection
Convective flow occurs where a pressure gradi ent exists

between the landfill and the atnosphere; gas will flow from
hi gher pressure to |lower pressure regions, and also a flow from
the landfill to the atnosphere. Where it occurs, convective flow

of gas will overwhel mthe other two rel ease nechanisns in
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its ability to release materials into the atnosphere. The source
of the pressure nmay be the production of vapors from

bi odegradati on processes, chem cal reactions within the landfill,
conpaction effects, or CH,generation at the | ower regions of the
[andfill which drive vapors toward the surface. Variations in

wat er table el evations can also create small pressure gradients
whi ch either push material out (rising tide) or draw material in
(falling tide). Even changes in barometric pressure at the
surface can have an inpact on the convective flow of gas. The
rate of gas novenent is generally orders of magnitude faster for
convection than for diffusion. For a particular gas, convective
and diffusive flow may be in opposing directions, resulting in an
overall tendency toward cancell ation. However, for nost cases of
LFG gas recovery, diffusive and convective flows occur in the
sanme direction. Figure A-3 illustrates the transport mechani sns.

2.4 FEACTORS AFFECTI NG LFG TRANSPORT MECHANI SMS
LFG transport is affected by the follow ng factors:

perneability,

dept h of groundwater,

condition within the waste,

noi sture content,

man- made features, and landfill liner and cap systens.

2.4.1 Perneability or Intrinsic Perneability

A coefficient of perneability, k, is often used to describe
the rate of discharge of the fluid (liquid or gas) under
| am nar-flow (non-turbulent) conditions and at a standard
tenperature (usually 20°C or 68°F) through a unit cross-sectional
area of a porous nmediumunder a unit hydraulic gradient. The LFG
perneability is a function of both its intrinsic (k;) and
relative (k,) perneabilities.

The intrinsic perneability coefficient, k;, is a neasure of
the ease with which a porous nediumcan transmt LFG water, or
other fluid through its nedia. The intrinsic perneability is
specific for each landfill, and is a function only of the porous
medium The dinmensions, in |length squared, may be expressed in
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units of darcies: 1 darcy = 9.87xl0°%n¥. The perneability
coefficient reported for Palos Verdes Landfill is 20 darcies (9.

The rel ative perneability is a dinmensionless nunber and is
expressed as a fraction of the maxi num perneability val ue that
t he nmedi um can exhibit for a given fluid. Gas perneability can
be nmeasured or estinmated by a variety of nethods, one of which is
presented in Section 4.2.5.5.

The perneability distribution to gas has a profound

i nfluence on gas flow rates and gas recovery rates. Coarse-grain
refuses typically exhibit |arge values of gas perneability and
nmore uniformgas flow patterns. Both of these factors tend to
pronote increased LFG recovery rates. By contrast, fine-grained
refuses are characterized by small values of gas perneability and
gas flow patterns which are primarily restricted to macropores or
secondary perneability zone such as fractures.

2.4.2 Depth of G oundwater

The water table surface tends to act as a no-fl ow boundary
for gas flow within the unsaturated zone. As a result, it is
generally used to estinmate the thickness of the zone fromwhich a
gas can be noved.

The depth to groundwater as well as seasonal variations need
to be evaluated during the predesign process to evaluate the well
construction requirenments as well as the potential for water
table upwelling (i.e., the upward rise of the water table toward
a vacuum wel | screened in the unsaturated zone). The potenti al
rise in the water table that can occur at a location is expressed
as an equi val ent water columm height (in cmH0). The limt of
upwel ling, z (cm can thus be cal cul ated as:

hri se = 1033( 1- Pr) ( 2- 3)
wher e,
h,ise = increase in the water table surface, cm
of wat er
P, = pressure reading as a function of the
radi al distance fromthe vertica
extraction well, atm
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1033 = conversion from1 cm of water vacuum
pressure to 1 atnosphere.

Upwel ling is not a significant concern in nore perneable
formations, as the applied vacuumw Il have little influence. In
| ess perneabl e formations, however, upwelling can be significant
and should be quantified for efficient gas system desi gn and
oper ati on.

2.4.3 Conditions Wthin the Waste

The distribution and occurrence of waste and debris within
the unsaturated zone greatly affects gas mgration and recovery
rates. The conditions within the waste (solid matrix) which may
affect soil gas transport include:

Het er ogeneities. Heterogeneities are caused by spati al
variations in solid matrix type, |ayering, unusual refuse
conposition and noisture content. Due to the heterogeneous

nature of the landfill environnment, there will be sone acid-phase
anaer obi ¢ deconposition and sone aerobi c deconposition occurring
simul taneously in any |large-scale landfill, along with the

met hanogeni ¢ deconposition. During the operation of an off-gas
coll ection system these variations may influence LFG quality,
gas flow patterns and ultimately gas recovery rates within the
landfill.

Porosity. Landfill solid waste's porosity (n) is a ratio of
the void volune to the total volunme of the porous nedium usually
expressed as a decinmal fraction or percent. WAste pores can be
expressed as a decinmal fraction or percent. Waste pores can be
occupi ed by gas, water, and/or bacteria. Porosity can be
calculated fromthe bulk density of the waste, which is the dry
wei ght of waste per bulk volunme (i.e.,by follow ng formul a:

n=1- (D, / D) (2-4)
wher e,
n = waste porosity, dinensionless
D, = bulk density of the waste, kg/n?
D, = density of the particle, kg/n?
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The waste porosity of the landfill ranges between 0.04 to
0. 10.

The effective porosity is a neasure of a waste's ability to
transmt air. The effective porosity provides a nore useful
measure of the rate at which gas is recovered conpared to
porosity, however. The effective porosity nust be quantified in
the | aboratory and results may be difficult to reproduce. An
i ndirect nmeasure of the effective porosity can be perforned
during air-phase perneability pilot testing, if conducted.

Moi sture Retention. The noisture content of the solid matrix
i nfluences the magnitude of the air phase perneability. Water
conpetes with air to occupy pore space within the solid matrix
and ultimately reduces the ability of vapors to mgrate through
the landfill due to a reduction in the air pathway. This
reduction nmay decrease gas recovery rates.

2.4.4 Man- Made Features

In sone instances, underground utilities such as storm and
sanitary sewers or the backfill material associated with these
features may produce short circuiting of air flow associated with
an off-gas collection system As a result, air flow may be
concentrated along these features rather than within the zone
requiring collection. |In addition, these features may al so
provi de mgration pathways for both free-phase |iquids and vapors
within the unsaturated zone. As a result, the orientation and
geonetry of these features may dictate the direction in which the
i quids or vapors m grate.

2.4.5 Landfill Cap and Liner Systens

The conponents of a hazardous waste landfill cap generally
consist of a top |ayer conposed of a vegetated or arnored
surface conponent and select fill, a drainage |layer, |ow
pernmeability | ayer conposed of a geonenbrane over a | ow
perneability soil conponent, and a randomfill |ayer overl aying
the waste. In addition to the benefit which landfill caps provide

for the final closure of landfills, they also provide a
significant inprovenent to the LFG collection by allow ng
maxi mum recovery of LFG fromall portions of the landfill via
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elimnation of the need for an exclusion of few feet from cover
(buffer zone).

In active collection systens, whether wth vertical or
hori zontal collectors, a geonenbrane cap will preclude the
intrusion of any air into the refuse. Hi gher operating vacuum
can, therefore, be applied to the gas collection system w t hout
danger of overdrawi ng the gas. Thus the effective radius (reach)
of influence of each well is increased.

Landfill liners consist of natural |ow perneability geol ogic
formati ons, reconpacted clay |iners, geonenbranes, and
geosynthetic clay liners. In addition to prevent the mgration of
LFG to the surrounding areas, the significance of liners with
respect to the LFG collection is to prevent groundwater and/or
ot her gases fromthe subsurface frombeing pulled into the LFG
col l ection system

2.5 CHARACTERI STICS OF LFG
The characteristics of LFG i ncl ude:

° physi cal characteristics, and
° chem cal characteristics.

These characteristics are di scussed bel ow

2.5.1 Physical Characteristics
Physi cal characteristics include:

density,

Vi scosi ty,

t enper at ur e,

heat val ue content, and
nmoi sture content.

Density. The density of LFG depends on the proportion of
gas conponents present. For exanple, a m xture of 10 percent
hydr ogen and 90 percent CO,, such as m ght be produced in the
first stage of anaerobic deconposition, will be heavier than
air, while a mxture of 60 percent CH, and 40 percent CO0,, such
as m ght be produced during the nethanogeni c phase of
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deconposition, will be slightly lighter than air. Therefore, the
greater the waste density the higher the theoretical yield of LFG
per unit volunme of void space. Density, D, has units in kg. m? or

I b.ft-3 Sonme common val ues for LFG are given bel ow

D CH, = 0.714 x 10* kg/ n? or |.153x103%1b.ft-3.
D Conposite gas: = 1.07 kg/nfor 17.131b.ft"3

Viscosity. Viscosity of a fluid (liquid or gas) is that
property which offers resistance to flow due to the exi stence of
internal friction within the fluid. This resistance to fl ow,
expressed as a coefficient of dynamc (or absolute) viscosity is
the force required to nove a unit area a unit distance.

Absol ute viscosity pis neasured in units of Newton.sec.m?
g.cm?! sec!; Pascal or Newton (lb.sec.ft-? centipoise, or
slug.ft-t.sec’!). For exanple, at 0°C and 1 atnbsphere of
pressure, approxi mate values of p for CH, and conposite gas are
as foll ows(®:

mMCH =1.04 x 10° N.sec.m? or 2.17 x 107 | b.sec.ft"?2
nu  Conposite gas: = 1.15 x 10°® N.sec. m? or
2.40 x 1071 b.sec.ft"?2

Tenperature. Gas tenperature varies with |ocation, depth and
phase deconposition. This subject is discussed in previous
Section 2.2.2.

Heat Value Content. Concentrated m xtures of LFG can be
expected to have a calorific value of 500 Btu/cft during the CH,
generation (nethanogenic) stage. This value is about half that of
nat ural gas.

Moi sture Content. The amount of noisture in the gas depends
on the tenperature and pressure and can be saturated or under-
saturated. Incom ng refuse has an average noi sture content of
about 25 percent with food and garden conponents of the waste
provi di ng the highest noisture input. Rainfall, surface and
groundwater infiltration, and waste deconposition will provide
addi ti onal noi sture.
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2.5.2 Chemcal Characteristics.

The conposition of LFG depends on the waste type and the
stage of deconposition. The anpbunt of LFG produced is generally a
function of the type, extent and rate of deconposition. The maj or
envi ronmental conditions which affect the type, rate and extent
of bi ochem cal deconposition in a landfill are O availability,
nmoi sture, rainfall infiltration, tenperature, pH anount of solid
waste, and avail able m crobes. As di scussed previously, the major
conponents of the LFG are CH,, CO,, NMOC and water vapor. The
maxi mum gas yi el d has been estimated to be 15,000 cubic yards per
ton of waste, with an average estimated gas conposition by vol unme
of 54 percent CH, and 46 percent CO, and trace anounts of NMXCs.

2.5.2.1 Methane

A major constituent of LFGis CH,, CH,is lighter than air,
colorless and odorless. LFGis flanmable due to the presence of
CH, and can be asphyxiant if present in high concentrations
without O. CH,is explosive at about 5 to 15 percent by volune in
air. The presence of CO, affects these ranges although little
significant change occurs in the lower limt of the range.

2.5.2.2 Carbon D oxide

Anot her maj or constituent of LFGis CO,. CO,is heavier than
air, colorless, and odorless. CO can be a sinple asphyxi ant and
heal th hazard if present in high concentrations.

2.5.2.3 Non-Methane O ganic Conpounds (NMOC)

Many m nor constituents are present in LFG at | ow
concentrations. Trace gases are produced by the conpl ex
interaction of the